We describe a new application of cortical unfolding to high-resolution functional magnetic resonance imaging (fMRI) of the human hippocampal region. This procedure includes techniques to segment and unfold the hippocampus, allowing the fusiform, parahippocampal, perirhinal, entorhinal, subicular, and CA fields to be viewed and compared across subjects. Transformation parameters derived from unfolding high-resolution structural images are applied to coplanar, functional images, yielding two-dimensional "unfolded" activation maps of hippocampi. The application of these unfolding techniques greatly enhances the ability of fMRI to localize and characterize signal changes within the medial temporal lobe. Use of this method on a novelty-encoding paradigm reveals a temporal dissociation between activation along the collateral sulcus and activation in the hippocampus proper.
INTRODUCTION
A crucial discovery in the study of human memory linked bilateral lesions of the hippocampus (HC) with an inability to consolidate new memories (Milner, 1958) . Experimental lesions in other animals, as well as single-unit recordings of HC neurons in rats, monkeys, and humans, further support the importance of this region in memory formation (O'Keefe et al., 1978; Squire, 1992; Rolls et al., 1995; Fried et al., 1997) .
From these previous findings, one would expect functional imaging techniques such as PET and fMRI to show activation of the hippocampus in memory tasks. 2 However, the literature offers inconsistent reports of such activation and little insight into the specificity and functional anatomy of the hippocampus (McCarthy, 1995; Ungerleider, 1995; Desgranges et al., 1998) . Several studies have reported increases in signal intensity in the HC, corresponding to increases in blood flow, for novel versus previously presented stimuli (Tulving et al., 1994a (Tulving et al., , 1996 Stern et al., 1996; Gabrieli et al., 1997) . However, whether these effects involve hippocampus proper (hippocampal CA fields, dentate gyrus, and subiculum) or whether they involve only adjacent medial temporal structures, such as the parahippocampal cortex, is unclear. Other studies have found that medial-temporal signal changes during encoding correlate with the accuracy of subsequent recall, though the location of this effect has varied across studies to include parahippocampal cortex, entorhinal cortex, or posterior hippocampus proper (Alkire et al., 1998; Brewer et al., 1998; Ferná ndez et al., 1998 Ferná ndez et al., , 1999 Wagner et al., 1998) . Several researchers have found signal changes in the hippocampal region associated with route learning, though the specific locus and the relevance to memory versus visual processes have been points of controversy (Aguirre et al., 1996; Maguire et al., 1997 Maguire et al., , 1998 Epstein et al., 1998 Epstein et al., , 1999 .
In the hippocampus proper, Ferná ndez reported activation in more posterior regions during verbal encoding (Ferná ndez et al., 1998) . In addition, signal changes have been reported in the anterior subiculum during a retrieval task (Gabrieli et al., 1997) . However, numerous studies have failed to find expected hippocampal activity during encoding and retrieval (Ka-pur et al., 1994; Shallice et al., 1994; Tulving et al., 1994b; Buckner et al., 1995; Fletcher et al., 1995) . Recent theories attempt to resolve the controversy of global medial temporal activity during memory experiments but have yet to address the possible specialization of hippocampal versus parahippocampal regions (Cohen et al., 1999b) .
Three major problems may explain the lack of cohesive results in functional imaging of the human hippocampus:
1. Technological limitations coupled with complex hippocampal architecture. Previous imaging methodologies were limited by low resolution and a low contrastto-noise ratio. Investigators commonly average brain activation patterns across several subjects to improve sensitivity, but the hippocampus is a very small structure that is vulnerable to misregistration between subjects. Slight misregistration can produce uncertainty in signal localization and reduce effective resolution. Furthermore, the hippocampus has a complex cellular architecture; these cellular assemblies and the adjacent parahippocampal structures may have variable contributions to memory encoding. For example, lesion data from stroke victims and epileptics illustrate that the CA1 fields may be the most vital for memory performance (Zola-Morgan et al., 1986; Rausch et al., 1994) . Heterogeneity of function within the hippocampus makes resolution an even more critical issue because studies may inadvertently average activity across differentially responsive subregions, resulting in an effective "partial voluming" of functionally different regions.
2. Neurophysiology: baseline firing and hemodynamic response. The hippocampus may be a constitutively active structure. In rats the hippocampus does have very high concentrations of cytochrome oxidase, indicative of high baseline metabolism (Borowsky et al., 1989) . However, in PET studies of humans the hippocampus does not seem to have higher glucose or oxygen metabolism than other brain regions; surprisingly, the trend is in the opposite direction (Ouchi et al., 1998; Stein et al., 1998) . It is possible that the hippocampus works more by changing the firing pattern of a sparse network rather than changing global firing rates (Rolls, 1996; Stern et al., 1999) . Thus, many tasks may not generate a change in activity sufficient to create measurable metabolic differences (Fletcher et al., 1995; Ungerleider, 1995) . Furthermore, the hippocampal neurovasculature is not well characterized, and it is not known if the hemodynamic response is similar to neocortical areas such as visual cortex or motor cortex, which may also differ in their respective responses (Cohen et al., 1999a) . Consequently, current techniques based on blood flow and blood volume changes may not be applicable to the hippocampus.
3. Paradigm design. Although the HC is certainly involved in new memory formation in some way, little is known about the specific computations it performs. Consequently, it is difficult to optimize experimental designs to best capture where and in what manner neural activity changes in the HC. This paper addresses the first set of technical confounds: the functional partial voluming of fMRI signal from the functionally heterogeneous microstructures FIG. 1. Imaging and segmentation of subject 1. (A) Prescription of the 16 structural images; the red slices correspond to the 11 planes that we scanned functionally. All references to slice number are relative to the most anterior red slice. (B) Segmentation of slices 3, 7, and 10. The left side corresponds to the right side of the brain. The left column presents the high-resolution oblique coronal scans, the middle column shows the manual segmentation of white matter and CSF, and the right column illustrates the layers of gray matter. We segmented the following as "white matter": (1) white matter in the parahippocampal gyrus throughout the full rostrocaudal extent, (2) white matter on the medial aspect of the occipitotemporal sulcus, (3) CSF in the inferior horn of the lateral ventricle, and (4) the fornix. We segmented the following as "CSF": (5) CSF in the collateral sulcus and the hippocampal fissure, (6) the ambient cistern (including the wing) and the adjacent posterior cerebral artery and basal vein, and (7) the boundaries of the segmentation.
FIG. 2.
Demarcation and unfolding of subject 1. PRC, perirhinal cortex; ERC, entorhinal cortex; FG, fusiform gyrus; MFV, medial fusiform vertex; PHC, parahippocampal cortex; Sub, subiculum; CA1, cornu ammonis 1; CA23DG, CA2 and 3 and dentate gyrus; CADG, CA1, 2, and 3 and dentate gyrus; CoS, collateral sulcus; AntC, anterior calcarine sulcus. (Top) Color-coded demarcations on the oblique structural slices 3, 7, and 10. The units are in millimeters. We demarcated using the following boundaries anteriorly (slices 1-4): (1a) lateral aspect of the collateral sulcus which formed the lateral boundary of the PRC; (2a) the deepest point of the collateral sulcus; (3a) medial aspect of the collateral sulcus which formed the medial boundary of the PRC and lateral boundary of the ERC; (4) the superior, medial aspect of the parahippocampal gyrus which formed the medial border of the ERC and the medial border of the subiculum; (5a) the border between CA1 and subiculum, just inferior to the middle of the hippocampal head; and (6) the border between CA1 and CA2, drawn from the end of the hippocampal fissure to the lateral ventricle, with a 45°angle with respect to the horizontal axis of the subject. Demarcation boundaries 1a-3a were shifted medially or laterally according to the depth of the collateral sulcus (Insausti et al., 1998) . We demarcated using the following boundaries posteriorly (slices 5-11): (1p) lateral aspect of the collateral sulcus, labeled the MFV; (2p) the deepest point of the CoS which separates the FG from the PHC; (3p) the horizontal, medial aspect of the parahippocampal gyrus which forms the border between PHC and subiculum; (5p) the border between CA1 and subiculum, just inferior to the most medial extent of the CA3 and dentate gyrus of the hippocampal body; and (6) the border between CA1 and CA2, drawn from the end of the hippocampal fissure to the lateral ventricle, with a 45°angle with respect to the horizontal axis of the subject. (Bottom) Unfolded hippocampi with projected demarcations. Gray-scale intensity corresponds to the slice from the raw anatomy; bright means the gray matter came from a posterior slice, while dark means the gray matter came from an anterior slice. The units are in millimeters. within the hippocampal region (the dentate gyrus, the CA fields, the subiculum, and the entorhinal, perirhinal, and parahippocampal cortices). We make use of cortical unfolding techniques, which were first applied to visual cortex and then to other areas of the brain, as a tool for better visualizing activity (Schwartz, 1990; Sereno et al., 1995; Drury et al., 1996; Engel et al., 1997; Van Essen et al., 1997; Dale et al., 1999; . These techniques mathematically flatten the cortical sheet, revealing functional organization that can be easily obscured in the highly convoluted cortex. In autoradiographic studies of the rat hippocampus, researchers have applied unfolding to provide for clearer depictions of anatomy and connectivity (Swanson et al., 1978) . Here we apply these techniques to fMRI of the hippocampal complex, generating flattened maps of the dentate gyrus, CA fields, subiculum, and nearby parahippocampal and fusiform gyri. Our implementation of this method proceeds in four phases: (1) segmenting structural images and unfolding gray matter, (2) demarcating different substructures according to anatomic atlases, (3) projecting functional images onto the flat maps to generate a flattened time series, and (4) generating two-dimensional maps of statistical significance. We demonstrate the utility of this technique in localizing fMRI signal changes during a novelty-encoding/picture-priming paradigm. This paradigm is known to elicit medial temporal activation, but the specific locus has been a point of controversy (Stern et al., 1996; Gabrieli et al., 1997) ; hence, this issue provides a natural application for our high-resolution unfolding technique. To illustrate an alternative group analysis method, we perform statistical parametric mapping (SPM) on the same data.
METHODS

Experimental Procedures
Subjects
Nine volunteers (five male, four female, right handed, ages 19 -35), with no history of neurologic disorders, head injuries, psychiatric conditions, or substance abuse, participated in this study. The subjects were all right handed (Edinburgh Handedness Inventory scores of 13 or greater). All subjects provided informed consent as dictated by the UCLA Human Subjects Protection Committee. No subjects had any conspicuous abnormalities in their MRI. One subject was scanned without a bite-bar and exhibited significant motion during structural scanning. This subject was excluded and all other subjects were scanned with a bite-bar. One subject (subject 5) had additional structural scanning on a second day because of motion during the first set of structural scans. In three other subjects (subjects 6 -8), we scanned the structural and functional image sets on different days to accommodate other stimulus paradigms not presented here.
Image Acquisition
Images were acquired using a GE 3.0-T MRI scanner with an upgrade for echo-planar imaging (EPI) (Advanced NMR Systems, Inc.). All subjects underwent five imaging sequences:
1. Localizers were obtained in the sagittal plane to identify the long axis of the hippocampus.
2. High-resolution FSE (fast spin echo) structural images were chosen for the segmentation and unfolding. We acquired these scans in an oblique coronal plane perpendicular to the long axis of the hippocampus as illustrated by the prescription in Fig. 1A . These used a T2 FSE pulse sequence (spin echo, TR ϭ 3000 ms, TE ϭ 41 ms, FOV 20, 512 ϫ 512, ETL 8, NEX 2, 16 slices, 3 mm thick, 0 mm spacing). We chose this T2 sequence because of its high gray-white matter contrast, high in-plane resolution, and low susceptibility artifact. Voxel size was 0.391 ϫ 0.391 ϫ 3.00 mm. The 16 slices, covering 4.8 cm, spanned all of the head and body and most of the tail of the hippocampus for all subjects.
3. Echo-planar structural images (spin echo, TR ϭ 4000 ms, TE ϭ 54 ms, FOV 20, 128 ϫ 128, NEX 4, 16 slices, 3 mm thick, 0 mm spacing), coplanar with the FSE structural images and echo-planar functional images, were acquired for alignment of the functional image sets with the high-resolution structural image set.
4. Echo-planar functional images (gradient echo, TR ϭ 3400 ms, TE ϭ 30 ms, FOV 20, 128 ϫ 128, 11 slices, 3 mm thick, 0 mm spacing). We selected 11 of the 16 slices posterior to the signal loss due to susceptibility artifact from the sphenoid sinuses, covering 3.3 cm of the hippocampus.
5. T1 weighted volume images (SPGR, TI ϭ 500 ms, TE ϭ 3.7 ms, FOV 20, 256 ϫ 256 ϫ 124, NEX 1) were acquired to aid in visualizing sulci during segmentation.
Stimulus Paradigm
We used a picture-novelty paradigm in which the subject viewed indoor and outdoor color scenes in alternating novel and repeat blocks (Stern et al., 1996; Gabrieli et al., 1997) . The images were of complex scenery and architecture but did not include human faces or figures. Order of alternation was counterbalanced across subjects by starting with either repeat or novel blocks. Each novel block consisted of 16 novel pictures, 8 indoor and 8 outdoor, presented in random order with an interstimulus interval of 2.55 s, for a total block length of 40.8 s. Each repeat block consisted of 1 indoor and 1 outdoor picture presented eight times each, in random order with the same interstimulus interval as above. The same indoor picture and outdoor picture were used for all repeat blocks. The novelty paradigm consisted of five sets of these novel-repeat blocks. Total scan duration was 469.2 s, including beginning and ending rest periods of 30.6 s. In order to ensure attention to all complex scenes, subjects were instructed to press different mouse buttons for indoor and outdoor scenes.
Stimulus Presentation
Subjects viewed stimuli through magnet-compatible goggles with a color video display system (Resonance Technologies, Inc.). The stimuli were presented via a Macintosh computer driven by Macstim software (David Darby, http://porkpie.loni.ucla.edu/WhiteAnt/), which also allowed us to record response accuracy and reaction time. Subjects responded by pressing a touchpad attached to the computer (a modified "GlidePoint;" ALPS, Inc.).
Unfolding Procedure
Segmentation (Fig. 1) The goal of the segmentation was to create a continuous gray matter volume of the hippocampus using the high-resolution structural image set. This was done by (1) manually defining "white matter" and "CSF" and (2) growing out gray matter from the white matter surface in successive layers, stopping at the CSF, thus creating a gray matter volume. Segmentation was performed on a DEC Alpha using mrGray segmentation software (Teo et al., 1998 ; http://white.stanford.edu/wandell. html).
We first segmented white matter and CSF manually as described in the Fig. 1 legend. In order to maintain continuity of the gray matter from the subiculum to the CA fields, we classified CSF in the lateral ventricles as white matter to provide a continuous strip of white matter upon which the gray matter would rest. The boundaries of the segmented regions were delineated and defined as CSF, imposing an exterior border that isolated gray matter. To improve the quality of the segmentation, we then interpolated the images by a factor of 7 along the longitudinal axis to arrive at a more isotropic volume size of 0.391 ϫ 0.391 ϫ 0.429 mm, and we manually interpolated the segmentation across successive slices to smooth the transitions. A region-expansion algorithm was used to grow 18 topologically connected layers of gray matter (Teo et al., 1998) . The maximum thickness of the surface was about 7 mm, and this covered all of the gray matter pixels of interest. The average thickness was approximately 4 mm for a typical subject. For subjects 5-8, we performed the segmentation with a larger, interpolated pixel size of 0.520 ϫ 0.520 ϫ 0.5 mm, and we interpolated the segmentation in successive steps (first by a factor of 3, then by 2). In our experience, this reduces segmentation time without compromising resolution or data quality.
Unfolding
The goal of the unfolding is to take the gray matter volume from the segmentation, unfold it so that it is flat, and compress the volume into a thin gray matter sheet. The gray matter volumes were sampled at 1.5 mm and then computationally unfolded and flattened using mrUnfold software (Engel et al., 1997 ; http:// white.stanford.edu/wandell.html). Computation was performed on a DEC Alpha running MATLAB (The Math Works, Inc.). The algorithm produces transformations that convert 3-D volume coordinates to 2-D flattened hippocampal coordinates (the forward transform) and vice-versa (the reverse transform). Only points in the defined gray matter are projected to the flat space. However, the transformation is not one-toone because multiple voxels in 3-D space can contribute to a single voxel in flat space. Prior work has confirmed that the algorithm produces topographically correct unfoldings with minimal levels of distortion (Wandell et al., 1996) .
Demarcating Boundaries on the Unfolded Map (Fig. 2)
Correlating landmarks in the high-resolution structural images with coronal anatomic atlases, we delineated boundaries of the fusiform, parahippocampal, perirhinal, entorhinal, subicular, CA1, and CA2 and 3 and dentate fields using a rule-based decision schema (see legend, Fig. 2) (Amaral et al., 1990; Mai, 1997; Duvernoy, 1998) . The classification rules were based upon the known correspondence between anatomical landmarks visible in the coronal FSE images and cytoarchitectonics. While these associations are only approximate in their correlation with the histology, the rule-based system ensures consistency across subjects within the sample. Additionally, to aid in visualization, we marked the collateral sulcus, the anterior calcarine sulcus, and the medial vertex of the fusiform gyrus.
The border between the parahippocampal cortex (PHC) and the perirhinal/entorhinal cortices (PRC/ ERC) was defined in relation to the head of the hippocampus. On straight coronal sections, the posterior border of the ERC is approximately coplanar with the anterior border of the lateral geniculate nucleus (Amaral et al., 1990) . The hippocampal head begins approximately 1-3 mm anterior to that border (Amaral et al., 1990; Mai, 1997; Insausti et al., 1998) . Since our images were oriented at roughly a 25-30°angle relative to the vertical, we identified the most posterior slice containing any portion of the head of the hippocampus as the posterior boundary of the ERC. The perirhinal cortex was defined as extending from the lateral to the medial aspect of the collateral sulcus, lateral to the entorhinal cortex, and these perirhinal boundaries were shifted according to the depth of the collateral sulcus (Insausti et al., 1998) .
There are limitations to our ability to separate the architectonic regions at this resolution. The dentate gyrus (DG) is indistinguishable from the adjacent CA fields, so that entire region was labeled CA23DG. In addition, at its most anterior and posterior ends, the CA1 field is inseparably mixed with the other CA fields and the DG. We demarcated this region CADG; anteriorly, we marked the first slice containing the full portion of the hippocampal head (generally slice 2 or 3), and posteriorly, we marked the slice in which the fornix begins its superior ascent (slice 11 or 12), which is near the anterior end of the anterior calcarine sulcus. Because anteriorly the hippocampus bends medially and curls inward, the most anterior part of the hippocampal formation in coronal sections is the subiculum. However, this most anterior portion of the subiculum was not imaged functionally because of susceptibility artifact, and hence the very anterior subiculum was neither segmented nor demarcated.
The gray matter surrounding the very posterior portion of the collateral sulcus is termed the retrosplenial cortex and is thought to be an important structure in memory formation (Shallice et al., 1994) . In these experiments, the retrosplenial cortex was present only in a subset of subjects in the most posterior slice; unfortunately, data in the most extreme slices were lost in the motion correction process. For this reason, this study did not incorporate the retrosplenial cortex into the demarcation. Future studies with more posterior slices may consider labeling the region.
These demarcations were projected onto the flattened hippocampi via the transformation derived from the unfolding algorithm. We manually traced these demarcations on the flat maps for use as final region boundaries in Figs. 3 , 5, and 6.
Distance Errors (Figs. 3A and 3B) Maps of errors or distortions that occur during unfolding are useful for monitoring the accuracy of the unfolding procedure (Carman et al., 1995; Drury et al., 1996; Fischl et al., 1999) . Distance errors are defined as the difference between any two points along the 3-D manifold compared to the 2-D flat map; the unfolding algorithm attempts to minimize these errors. According to our sign convention, negative distance errors are indicative of compression, whereas positive distance errors are indicative of expansion during the unfolding process. For each pixel in the flat map, we calculated the distance error with every other pixel in the flat map and produced a histogram of these errors (Fig. 3B) . In order to produce an image of distance errors, we computed the 90th percentile of each pixel's distance errors and plotted it as image intensity (Fig. 3A) .
Reverse Transform (Fig. 3C) To show that the reverse transformation calculated by the unfolding algorithm preserves the original hippocampal shape without distortion, we executed the reverse transformation of all pixels on the flat map, producing Fig. 3C . This is analogous to refolding the hippocampus. (Fig. 4) To further validate that unfolding the hippocampus results in acceptable levels of distortion, we simulated a segmentation of geometric figures with known arc lengths to compare analytic distance with computationally unfolded distance. The simulated segmentation is depicted in Fig. 4A and exhibited slice-to-slice variation only in (1) the length of the hippocampal head, which decreased linearly from 34 pixels anteriorly to 0 pixels posteriorly, and (2) the depth of the collateral sulcus, which in the middle of the segmentation decreased from 14 to 6 pixels and increased back to 14 pixels. The simulated segmentation was unfolded and error maps were produced by the same method and with the same parameters as the actual segmentation (Figs. 4B and 4C) .
Simulated Segmentation and Unfolding
Integration of EPI
Image Processing of Functional MRI Data
We performed motion correction by aligning all functional volumes to the first volume time point using automated image registration (AIR) (Woods et al., 1998) . Motion was minimal in all subjects, less than the size of a pixel (1.5 mm) within the medial temporal lobe, as measured by computing the maximal displacement of fiducial points in the hippocampi by the AIR transformation matrix for each slice.
Each functional image was nearest-neighbor interpolated to match the spatial resolution of the FSE structural images (by a factor of 4 for subjects 1-4, 3 for subjects 5-8). For each of these time points, the gray matter was projected on the unfolded map using the forward unfolding transformation parameters (derived from the unfolding of the coplanar high-resolution FSE images), thus creating a flattened time series representation of the data. Intensity was averaged across the multiple layers that were projected onto the same pixel in the flat map.
Alignment of Functional and Structural Image Sets (Fig. 5A)
The structural and functional images were acquired in the same oblique coronal plane. With use of the bite-bar, motion was minimal so through-plane alignment was unnecessary. We shifted the high-resolution EPI structural image set in-plane to match the highresolution FSE structural image set using easily identifiable fiducial points such as the posterior cerebral artery, lateral ventricle, and boundaries of the brain. This corrected a shift in center location between conventional and echo-planar images imposed by our scanner. Since the EPI functional image time series are coregistered with the EPI structural image set, we applied the same corrective shift to the EPI functional image time series. We fine-tuned the alignment by drawing and overlaying outlines of the hippocampal structure (shown in red in Fig. 5A ) and shifting the EPI functional image time series accordingly.
Susceptibility Artifact Mapping (Figs. 5A and 5B)
Regions of large local variation in the magnetic field exhibit a signal loss called susceptibility artifact; this loss is projected onto the unfolded maps. To approximately establish the limits of artifact-free data, we manually demarcated all places where the anatomy in the FSE structural images was obscured in the EPI functional images (areas outlined in blue in Fig. 5A ). Specifically, we marked the edge of the ring artifact on the right hemisphere and all places where the sulci were not easily visible due to signal loss in the left hemisphere. The projection of these demarcations produces a rough map of susceptibility artifact. Figure 5B shows a flattened time series image with a superimposed susceptibility demarcation. Additionally, the flat time series image illustrates the loss of the anterior and posterior oblique-coronal slices secondary to motion correction.
Functional Data Analysis
Individual Flattened Activation Images
First, we smoothed the flattened time series image with a 9-pixel Hanning filter. Since the flat resolution was at 1 mm while raw pixel size was at 1.5 ϫ 1.5 ϫ 3 mm, this constituted a minimal loss in resolution. Next, the experimental paradigm, an ABABABABAB design, was convolved with a model of the hemodynamic response function that takes into account the phase lag and gradual rise and fall (Cohen, 1997 ). The resulting function was then correlated with the MR signal intensity for each pixel in the image using Pearson's correlation coefficient (r). Those pixels exceeding a statistical threshold of r ϭ 0.25 were color-coded and superimposed onto the flat maps with demarcated boundaries.
Group Analysis of Anatomic Regions of Interest
In order to perform a group analysis of the flattened data, we used the subregion demarcations to manually select nonoverlapping regions of interest (ROIs) on the flat maps; these ROIs covered the fusiform gyrus (FG), PHC, PRC, ERC, subiculum, CA1, and CA23DG in each subject. No pixels were excluded due to statistical thresholding, but pixels demarcated as having susceptibility artifact were excluded. For each region and in each subject, the time courses from all pixels were averaged into a composite time course for the region. In order to correct for signal drift and to normalize the signal, we divided the time course by a linear trend fit to the rest and repeat conditions.
We computed correlations between the individual ROI time courses (for each hemisphere and averaged across hemispheres) and the previously described model of the paradigm. To identify activations in subregions that were consistent across subjects, we performed two-tailed t tests on these correlations to test if their means were significantly different from zero. To observe if activation magnitude increased over time, we computed the correlation for the first two novel and repeat blocks as well as the last two novel and repeat blocks and subtracted one from the other. Two-tailed t tests were again used to test if the differences between late and early correlations were significantly different from zero. For display, we averaged these time courses across subjects and hemispheres (Fig. 8) .
Statistical Parametric Mapping
For a conventional group analysis of the data, we performed SPM. Using a six-parameter rigid-body model with AIR, we normalized the echo-planar structural images of the same eight subjects to a T2-weighted echo-planar atlas in Talairach space (Woods et al., 1999) . Combining this normalization with the results of motion correction, we resliced each of the images for each subject into the atlas space. After performing 3-D Gaussian smoothing with a 6-mm fullwidth half-maximum kernel, we imported these data into SPM99 and analyzed the novel-repeat contrast, ignoring the beginning and rest ending blocks, with a smoothed boxcar reference function and no covariates. We created t maps using an uncorrected threshold of P ϭ 0.0001 and an uncorrected spatial extent threshold of 10 voxels.
RESULTS
Structural Unfolding
Demarcated Flat Maps
Each of the eight subjects showed similar shapes and bilaterally symmetric flat maps (subjects 1-8 shown in Figs. 2 and 7) . In subject 1, the right flat map is wider than the left because of greater folding and more segmentation of the fusiform region; however, the hippocampus proper seems very similar in size and topology between the left and the right. The sizes of the other regions were similar across subjects, and the flat maps easily differentiated the major substructures of the hippocampal formation (CA fields, subiculum, and entorhinal cortex) and nearby structures (parahippocampal, fusiform, and perirhinal cortices).
Distance Error Maps
The distance error maps and histograms of Figs. 3A and 3B illustrate that the distortion introduced by unfolding a real hippocampus was minimal; most of the pixels had a 90th percentile distance error of less than 5%.
Reverse Transform
The reverse transform of Fig. 3C shows that the flat maps, when refolded, cover all of the pixels of interest in the original hippocampal structure. Thus, the unfolding algorithm did not introduce significant distortions into the reverse transformation.
Simulation
The analytic in-plane arc length of the simulated hippocampal region was 71 mm in the most anterior section and 58 mm in the most posterior section. The measured arc lengths before unfolding were 75 and 64 mm, respectively, being greater than the analytic lengths due to digitization. After unfolding, the arc lengths were 76 and 65 mm, respectively. Hence, distance along the pixelated manifold is accurately preserved. Figure 4B illustrates that the flattened simulation has a simple unrolled appearance with a linear extent to the interior hippocampal head as would be expected from the simulated segmentation. Figure 4C illustrates the distance errors, which were minimal throughout the simulation. Minor expansion took place near the middle of the map where the collateral sulcus was shallow, and both compression and expansion occurred on the edges. This simulation thus shows that unfolding process applied to the basic hippocampal structure maintains local and global distances and minimizes distortions.
EPI Integration
Alignment of Structural and Functional Image Sets
Despite the differences in resolution between structural and functional image sets, Fig. 5A illustrates that, in regions devoid of susceptibility artifact, the outlines and landmarks on the structural images appeared to accurately define the same structures on the functional images.
Susceptibility Artifact Mapping
Susceptibility artifact limited our ability to determine functional activity in the anteriormost portions of the hippocampal region and in portions of the fusiform gyrus (Fig. 5B) . The extent of susceptibility artifact differed across subjects and between hemispheres (shown as the dark blue, hollow squares, Figs. 6 and 7).
Experimental Results
Behavioral Results
Across all subjects, response accuracy in identifying whether a scene was indoor or outdoor was extremely high (Ͼ96%). Figure 6 shows the location of significantly activated pixels on the original coplanar structural FSE images (Fig. 6A ) and the flattened hippocampal maps (Fig. 6B) for subject 1. Comparing images acquired while subjects viewed novel pictures to those acquired when subjects viewed the same picture repeatedly, there were extensive areas of relatively greater MR signal intensity in the parahippocampal and fusiform cortex. The pattern of significant activation is difficult to discern in the single-slice data, whereas in the flat maps, the anterior-posterior continuity of the activation is readily apparent. While one could visualize this continuity of activation simply by reslicing the images obliquely at the appropriate angle, it would be not only time consuming to find the angle but also too specific to apply to other activations in which the anatomy is oriented differently. The unfolding procedure, on the other hand, inherently addresses such anatomic variability to help visualize contiguity. While the anisotropic voxel size may result in a greater apparent longitudinal extent to activations (e.g., 3 1-mm voxels), the activation in this subject clearly extends across several slices (10 1-mm voxels) to span a centimeter in the flat map. In the left hippocampus, the activation extended into the subiculum, and a small number of voxels were active in CA23DG. There were no other foci of increased MR signal intensity unambiguously located in the hippocampus proper. Figure 7 shows flat maps of activation from the other seven subjects. All subjects had similar results with distinct activation on one or both sides of the collateral sulcus. While two subjects (3 and 6) had a small amount of activation limited to the collateral sulcus, the other subjects had larger and more widespread activation foci that included the subiculum and CA23DG. Figure 8 shows the time series for all nonartifact pixels in the ROIs averaged across all eight subjects and hemispheres, and Table 1 shows the average correlation of each ROI with the experimental model. Strikingly, the effect is very clearly seen in the time courses and correlations for the PHC and FG without any statistical thresholding. Thus, with flat mapping we are able to achieve the statistical sensitivity of group data while maintaining the resolution needed to distinguish between subregions. Interestingly, the subiculum and CA23DG generated sizeable signal changes only in the latter part of the run. We quantified this by computing the correlation separately for the first two and last two blocks and subtracting the two correlation values, with the results shown in Table 2 . While the fusiform and parahippocampal activations are unchanged (P Ͼ 0.2), the left subicular (P ϭ 0.006) and left CA23DG (P ϭ 0.013) activations were greater for the last two blocks compared to the first two blocks. The ERC, PRC, and CA1, on the other hand, exhibited little activation of any kind. Figure 9 and Table 3 show the t scores and activation map for the novel-repeat contrast in SPM99. There is a large, bilateral medial-temporal activation that centers in the parahippocampal/fusiform gyrus, consistent with the unfolding results.
Individual Flattened Activation Images
Group Analysis of Anatomic Regions of Interest
Statistical Parametric Map
DISCUSSION
Unfolding the Hippocampal Region
We have described a novel method for processing and displaying high spatial resolution fMRI of the hippocampal region. The convoluted anatomy of the hippocampus in combination with its small size makes localization of activation in the region potentially unreliable. Our method addresses these problems by scanning at high resolution and unfolding the complicated hippocampal anatomy, thus allowing for accurate functional localization within the hippocampal substructures. With current limitations of slice resolution and slice thickness, it is not yet possible to separate the subregions of the hippocampus completely in the most anterior and posterior segments. Nevertheless, by reducing variance attributed to structural dif- Note. FG, fusiform gyrus; PHC, parahippocampal cortex; PRC, perirhinal cortex; ERC, entorhinal cortex; Sub, subiculum; CA1, cornu ammonis 1; CA23DG, CA 2 and 3 and dentate gyrus. P values are for uncorrected, two-tailed t tests calculated from the mean and variance of the subjects' correlation values.
* P Ͻ 0.05. ** P Ͻ 0.01. *** P Ͻ 0.001. ferences between subjects, we can better localize activations. Indeed, using this method, we were able to reveal a complex pattern of activity in the different subregions of the hippocampus in a novelty-encoding paradigm.
The group analysis using SPM effectively revealed the same parahippocampal and fusiform activations as did the flat maps, though the flat maps provide more detailed information on activation in the hippocampal subregions. While methods such as SPM are well suited to whole-brain mapping across subjects, flat mapping with subject averaging offers an additional advantage for the high-resolution analysis of a small region of the brain.
We performed the demarcation under the guidance of several atlases, one of which has coronal MRIs (Duvernoy, 1998) . Additionally, others have performed MR segmentation of the entorhinal and perirhinal cortex and have described the correlation with histology (Insausti et al., 1998); we incorporate the criteria identified in their work into our demarcation guidelines. The reproducibility of the method is illustrated by the comparability of the flat demarcations and the activation patterns in both hemispheres across subjects; this is similar to the validation of flattening methods performed by other investigators .
Unfolding a model hippocampus clearly showed that the distance errors involved are minimal. Similarly small distance errors were present in the error maps of the real unfolded hippocampi. Thus, the distortions introduced by unfolding the hippocampus are unlikely to cause any major difficulties.
Echo-planar and conventional images differ slightly in their distortion characteristics in a way that affects the accuracy of superimposition. Nevertheless, Fig. 5 demonstrates that we are able to achieve an alignment adequate for mapping of subregions. Corrective methods to reduce this distortion could be applied to further improve the alignment (Jezzard et al., 1995; Cohen, 1997) . Another difficulty inherent to echo-planar imaging is the high susceptibility artifact present in the medial temporal lobe. Using susceptibility artifact mapping, we display where data are artifact-free for improved visualization and quantitation. Different functional pulse sequences, such as asymmetric spin echo, should reduce susceptibility (though at the cost of contrast).
At present, this method is labor intensive. The entire procedure takes approximately 16 h of manual work and 12 h of computation. We expect to better automate the procedure to reduce the amount of manual work required.
Novelty Activations
One of the difficulties in the literature has been to observe unequivocal activation of the hippocampus proper; we have developed this technique specifically to address this uncertainty and dissociate responses in the heterogeneous substructures. This picture-priming paradigm was originally reported to show signal changes that extended into the hippocampus (Stern et al., 1996) . Other investigators have used the more general term "hippocampal region" to denote brain activity near, but not necessarily within, the HC formation. Different regions within the HC as well as nearby cortex (PHC, FG) have uniquely specialized functions; the fusiform and parahippocampal gyri in particular have been implicated in aspects of complex visual processing (Corbetta et al., 1991; Allison et al., 1994; Kanwisher et al., 1997; Epstein et al., 1998) . Higher signal during the presentation of novel pictures may reflect increased visual form processing, rather than reflecting a declarative memory process per se. If we are to understand what paradigms differentiate these structures and what contribution each makes to memory and related processes, delineating the boundaries of functional activation is essential.
In the present study, we found hippocampal and extrahippocampal activations with distinct temporal characteristics. The fusiform and parahippocampal gyri were strongly active throughout the run, while the subicular and CA23DG subregions were active only toward the end of the run. On the basis of anatomy, one might conclude that the fusiform gyrus is performing visual processing, and its maintained response is evidence of visual priming. The parahippocampal cortex, known to project to the hippocampus proper, may be engaged in novelty detection. However, there is no distinction in their respective time courses, so such interpretations are speculative. More importantly, we have shown a dissociation of activation between cortical and hippocampal structures; namely, that the subiculum and CA23DG show a contrast only toward the end of the paradigm. We have found the hippocampus proper to respond late during a related-words pairedassociates paradigm (Wong et al., 1999) . One possible explanation is that early in the run the subjects are encoding the novel and repeat stimuli, whereas later in the run, the subjects are encoding only the novel stimuli, as the repeat stimuli have been exhaustively en- coded. The present experiment alone cannot offer a complete explanation for the dynamic signal changes; more direct experimentation is required. Interestingly, CA1, a region known to be the most critical for new memory formation from epilepsy and stroke studies, exhibits no effect in this experiment.
CONCLUSION
Given the incontrovertible evidence of the importance of the hippocampus in memory, the failure to show reliable activation in memory experiments is a challenge to the field. The method presented here greatly reduces sources of anatomic variance and mislocalization using hippocampal unfolding. Applying this approach to a novelty paradigm, we have localized activations to the fusiform gyrus, parahippocampal gyrus, subiculum, and CA23DG that differ in their respective time courses. Furthermore, this method should allow future success in identifying paradigms that result in unequivocal hippocampal activation. Then, we can continue to pursue the neurophysiology and functional anatomy of the different subregions of the hippocampus using functional MRI.
